Abstract. The SECCHI coronagraphs on the twin STEREO spacecraft give simultaneous views of coronal mass ejections (CMEs) from two viewpoints. Stereoscopic analysis of a time series of CME coronagraph image pairs allows one to determine the three-dimensional (longitude, latitude and velocity) trajectory of the CME. Here, we briefly describe the tie-pointing and triangulation techniques used to determine the trajectories of five CMEs. The trajectories are compared with trajectories determined using two other stereoscopic techniques. We find good agreement on the results from the different techniques. For the four cases where the solar source was known, the longitude and latitude of the CME trajectory beyond the corona are compared with those of the source region to test the assumption of radial propagation from the source. Our results support the standard view that CMEs can be deflected significantly in latitude as they propagate through the low corona.
INTRODUCTION
One of the goals of NASA's Solar TErrestrial RElations Observatory (STEREO) mission is to study the propagation of coronal mass ejections (CMEs) through the heliosphere [1] . Here we demonstrate one technique for determining the true trajectory (longitude, latitude and velocity) of CMEs using a time series of stereoscopic image pairs from the coronagraphs on the twin STEREO spacecraft.
Each spacecraft carries one extreme ultraviolet imager (EUVI) and four white-light telescopes (two coronagraphs and two heliospheric imagers) as part of the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) imaging suite [2] . Most results in this paper are obtained from analysis of data from the two coronagraphs. COR1 covers the region from 1.4 to 4 R S (solar radii); COR2 covers the regions from 2.5 to 15 R S . STEREO A leads Earth, while STEREO B lags behind. The separation between the two spacecraft ranged from 28º to 44º for the data analyzed here.
In this paper, we briefly describe the technique used to determine the CME trajectories. We present results for the trajectories determined for five CMEs (8/ Frequently it is assumed that CMEs propagate radially from the solar source region. We test this assumption by comparing the longitudes and latitudes of the trajectories with those of the source region. Our results support the standard paradigm that CMEs may be deflected significantly in latitude as they propagate through the low corona.
STEREOSCOPIC TECHNIQUE
The stereoscopic analysis technique used here -tiepointing and triangulation -is described in detail in Liewer et al [3] . If a feature can be identified in both images of a simultaneous STEREO image pair, then the x-y-z position of the feature in a three-dimensional heliocentric coordinate system can be determined by triangulation provided that the location and separation of the two STEREO spacecraft are known, as well as other information on the SECCHI cameras (plate scale and pointing relative to the Sun center). The headers of the SECCHI image files contain all of this information to the accuracy needed for 3D reconstruction [5] .
The tie-pointing and triangulation technique has been demonstrated for 3D reconstruction of localized solar features seen in emission or absorption using STEREO EUVI images [3, 4, 5] . Bright features seen in the EUVI stereoscopic pairs result from emission from localized volumes and thus triangulation is clearly applicable. However, most bright features seen in the coronagraph images, such as the bright leading edge of a CME, result from the white light collected along a line of sight through a diffuse structure and not from a localized volume. Thus, it is not clear that tie-pointing and triangulation are applicable to coronagraph images of CMEs. Here, we validate the use of this technique for determining the trajectory of CMEs for modest spacecraft separation angles by comparison with other stereoscopic analysis techniques (See also review by Mierla [6] ). Figure 1 shows an example of tie-points placed manually on a simultaneous pair of coronagraph images; the COR2 A image is on the left and the COR2 B image is on the right for the CME of 12/31/2007 at 02:07:54 UT. The images have been scaled and rotated to the STEREO baseline. The user places a tie-point on a feature in either image; the software tool constrains the placement of the matching tie-point in the second image to lie along the epipolar line (the same pixel row for the rotated and scaled images) [3] . Triangulation is used to obtain the 3D location of the feature in a heliocentric coordinate system. Figure 2 shows the 3D reconstructions resulting from such tie-pointing and triangulation for seven individual times as the CME propagated through the coronagraphs' fields of view; it can be seen that the seven fronts are nearly coplanar so that the longitude of propagation is well defined. The axes are labeled in units of solar radii. Figure 3 shows a 3D height-time (true distance from the Sun vs. time) plot made from the 3D reconstructions of the CME leading edge at seven times for the case shown in Figure 2 (12/31/2007). The radius plotted is the most distant point on the front from the Sun at each time step. The direction (latitude and longitude) of propagation is the average over all the points on the fronts.
RESULTS
Results for the trajectories of five CMEs determined in this way are given in the first four Table I . We use the Heliocentric Earth Equatorial (HEEQ) coordinate system [7] (Earth at 0° longitude). The separation angle between the A and B spacecraft appear parenthetically below the CME date.
To validate this tie-pointing and triangulations (T&T) technique for trajectory determination, these results were compared with two other techniques. For four CMEs, results for velocity, longitude and latitude were compared with those determined by Thernisien [8] using a forward modeling fit to the STEREO white light observations. This method assumes a flux tube shape for the CME [8] ; the results are in columns 5-7 of Table 1 . The agreement is good: velocities agree to within 20% and the largest difference in longitude (latitude) is 20º (5º).
For three of the CMEs, results were compared with the propagation longitudes determined using the "equal mass method" described in Colannino [9] ; only longitudes were given in this paper. These results appear in the sixth column in Table 1 parenthetically after the longitude determined by Thernisien [8] . Similar longitudes are obtained.
For four of the five CMEs, the solar source region could be clearly identified via the associated prominence eruption, flare ribbons and/or posteruptive arcade (PEA). The center and extent of the ribbons or PEA is indicated in the table parenthetically below the CME trajectory angles in columns three and four. For the 8/31/2007 CME, an associated prominence eruption above the flare ribbons was evident. For 12/31/2007, a flare and PEA could be seen. For the 1/2/2008 CME, flare ribbons and a PEA were evident. For the 3/25/2008 CME, a flare followed by a PEA was evident. In three of these four cases, the latitude and longitude range of the source overlap those of the CME trajectory. For the fourth case, 12/31/2007, there is approximately an 8° (13°) difference in longitude (latitude). A dramatic change in shape of the CME as it propagates through the COR2 field-of-view is consistent with a strong interaction within the corona that could deflect the CME's trajectory.
The longitude of the 11/16/2007 CME suggests that the source is behind the limb for Earth and B and too close to the limb for A (~85°); indeed, no source is evident on the disk. However, an erupting filament can be seen above the limb by both A and B. The "source region" given in the table is the tip of the erupting filament determined using T&T on EUVI 304 images, leading to some uncertainty. For this case, while the source longitude is close to that of the CME, the latitudes differ by 27°. An equator-ward deflection of this CME can be seen in the COR1A images as the CME propagates through the low corona; we interpret this as the probable cause of this discrepancy. 
DISCUSSION
The results of the comparison of trajectory determinations and source regions are summarized in Figure 4 . The solid arrows are the trajectories determined by the T&T technique, dashed arrows by Thernisien [8] , and solar source regions by wedges. The good agreement validates the T&T technique for determining propagation angles at least for modest spacecraft separation angles investigated here (28°-48°). The five CMEs were within 50º of the plane-ofsky for both spacecraft, so the scattered white-light signal was strong, and the CME fronts were clearly visible in both spacecraft. It is not possible to tie-point CMEs when the front is extremely faint as seen from one spacecraft; this is a clear limitation of this technique. The accuracy and range of separations angles for which the technique can be used will be explored in a subsequent paper.
Our results support the standard paradigm that, while the source region gives a good indication of the propagation direction, CMEs may be deflected in latitude as they propagate through the low corona. Uncertainties in our determination of the longitudes preclude us from drawing any conclusion regarding deflection in longitude.
